The gas phase doping of amorphous (a-Si:H) and microcrystalline (µc-Si:H) silicon thin films deposited at substrate temperatures of 25ºC and 100ºC by hot-wire chemical vapor deposition is studied. Phosphine was used for n-type doping and diborane for ptype doping. The electronic and structural properties of the doped films are studied as functions of hydrogen dilution. Films were deposited on glass and polyethylene terephthalate. Similar dark conductivities,  d , were obtained for the doped films deposited on either substrate.
There has recently been great interest in the deposition of hydrogenated amorphous (a-Si:H) and microcrystalline (c-Si:H) silicon at very low substrate temperatures (T sub 150ºC) due to the growing demand for new applications of thin film, large area microelectronics on portable, lightweight and inexpensive substrates, such as plastic. [1] [2] [3] [4] [5] [6] Deposition of these materials at low temperatures with good optoelectronic properties will not only allow the fast extension of some existing areas of large-area microelectronics (flat panel displays, image scanners or solar cells) to plastic
substrates, but may also create entirely new applications such as integration of thin film electronics with biological materials, microelectromechanical devices fabricated on thin polymeric substrates, or throw-away electronics.
So far, there are few reported working devices entirely made of thin films deposited at very low T sub (150ºC). The first low-temperature amorphous thin film transistors (TFTs) reported were deposited on glass at 150ºC by Feng et al., 2 and at 125ºC (with no n + contacts) by McCormick et al. 3 . Recently, the first TFTs on plastic were fabricated, at 125ºC on polycarbonate by Gates, 4 at 150ºC on polyimide by Gleskova et al., 5 and at 110 ºC on polyethylene terephthalate by C.-S. Yang et al. 6 . The layers for the devices produced at 125 ºC were deposited by rf reactive magnetron sputtering while those produced at 150 ºC and 110 ºC used radio-frequency plasma-enhanced chemical vapor deposition (RF-PECVD). Both magnetron sputtering and RF-PECVD have low deposition rates for a-Si:H (~1 Å/sec) and even lower for µc-Si:H (~0.1 Å/sec) which is usually obtained from hydrogen dilution of silane. For industrial applications, a high growth rate is attractive from a cost perspective because it decreases the process time and may increase the utilization efficiency of the process gases. At present, two techniques look promising to achieve higher growth rates. One is very-high frequency-PECVD which is being developed for µc-Si:H deposition at high rates and T sub =225ºC. 7 The other is hot wire-CVD (HW) which has been used to deposit a-Si:H and µc-Si:H at high rates (r d >25 Å/sec and r d >5 Å/sec, respectively) and at moderately high T sub (>200ºC) 8, 9, 10, 11 . It is the high efficiency of the hot tungsten filament in breaking the molecules of the reactant gases, together with a high atomic hydrogen supply to the surface of the growing film, that is thought to allow the deposition of good quality amorphous and microcrystalline silicon films at high growth rate by HW.
The capability to prepare heavily doped layers is critical for the performance of amorphous and microcrystalline thin film silicon devices. In TFTs and Schottky diodes, these doped layers are needed to make good ohmic contacts with the intrinsic layer and block the injection of carriers of the opposite sign. If these contacts are not able to supply sufficient carrier injection or collection, they create a series resistance in the on-state and thus limit the device performance. In p-i-n diodes, the built-in voltage depends on the position of the Fermi level of the p and n layers. Therefore, as the doping level increases, both in the p and n sides, the built-in voltage accordingly shifts to higher values, thus favoring the performance of the device. Comparable values have been obtained for c-Si:H films deposited at T sub 200ºC by HW. 10, 15, 16, 17, 18 In the present work, the doping n-type and p-type of a-Si:H and c-Si:H by HW at substrate temperatures of 100ºC and 25ºC is studied systematically as a function of the hydrogen dilution and, to the best of our knowledge, this is the first study of doping by HW at these temperatures. The optimized conditions 19 for deposition of intrinsic films at 100ºC and 25ºC were used as starting points for the deposition of the doped films.
II. EXPERIMENTAL PROCEDURES

A. Film Preparation
The films were deposited in an ultrahigh-vacuum-quality system with load lock, which has a base pressure better than 510 -8 Torr. The substrate was clamped to the grounded upper electrode. This electrode was, except for the room temperature depositions, heated to the deposition temperature, T sub . T sub always refers to the temperature of the substrate before the filament was heated.
The substrate temperature was monitored using a thermocouple embedded in a copper block in contact with the substrate. The PET substrate is essentially transparent to the wavelengths of the radiation emitted by the filament. The pressure was kept constant at 20 mTorr. 9, 12 At that pressure, both heat convection and conduction can be neglected. 20 In this case the temperature of the PET substrate is the temperature of the substrate holder. For the nominal room-temperature deposition (25ºC), the temperature of the substrate holder can increase (up to 50ºC) due to the radiation from the filament. The maximum temperature (50ºC) was reached only for the deposition time of 13 min (which corresponds to the deposition of 0.50 m of a-Si:H; for the deposition of microcrystalline silicon films using high hydrogen dilution the growth rate is lower and 13 minutes corresponds to 0. A single tungsten filament of 0.5 mm diameter and approximately 7 cm length was placed 5 cm from the substrate and was resistively heated with a DC power supply.
The filament temperature was measured with an optical pyrometer (T fil  2500 ºC). 9, 12 The thickness of the films was between ~0.1 m and ~0.3 m. The c-Si:H films were, in general, thinner than the amorphous ones. The sum of the fluxes of the gases was kept at around 20 sccm, except for the higher dilutions where it was necessary to increase the fluxes so that the SiH 4 flux was not less than 0.5 sccm, which was the lower limit for the silane mass flow controller. 
. Photothermal deflection spectroscopy, PDS, and CPM were used to measure the sub-bandgap absorption, 21, 22 from which the defect density and bandtail slope can be extracted. 23 Raman spectra were measured in the backscattering geometry using a Raman microprobe. The 514.5 nm (2.41 eV) laser radiation was obtained from an Ar + laser.
The power of the incident beam was set below 50 mW to avoid thermally induced crystallization. For microcrystalline films, the Raman spectrum around the crystalline silicon transverse optical (TO) peak 24 was deconvoluted into its integrated crystalline
, where k0.9,  is the wavelength of the X-ray radiation, B is the FWHM of the peaks (in units of 2 ) and  B is the angular position of the peak.
SIMS analysis was performed by Evans East (East Windsor, NJ) on samples deposited on glass substrates to detect boron (B) and phosphorous (P) concentration.
Quantification of the profiles was accomplished by analyzing, along with the samples, an ion implanted reference material of B and P in Si. Figure 1 shows the room-temperature dark conductivity, d (top), and the activation energy of the dark conductivity, E a (bottom), of (a) p-type and (b) n-type samples deposited on glass at T sub =100ºC and 25ºC by HW as a function of hydrogen dilution. behavior is due to the fact that the electrical conductivities of both intrinsic and doped samples are very sensitive to whether the film is amorphous or microcrystalline. Table   I shows the properties of selected doped amorphous and microcrystalline films deposited by HW. In general, films deposited on PET showed similar electrical and structural characteristics to those deposited on Corning glass.
III. RESULTS
A. p-type films. Both the Raman ( fig.2 (a) and (b)) and the XRD ( fig.3 (a) and (c)) spectra show that the amorphous to microcrystalline transition, which occurs between 80 and 90% H 2 dilution in intrinsic films, was delayed at 100ºC and inhibited at 25ºC by the addition of the phosphine to the reactive gas mixture. The ac transition occurs only at 92.5% H 2 dilution at T sub =100ºC (compared to 90% for intrinsic films) and does not occur at all at 25ºC (for intrinsic films, the ac transition occurs also at 90% H 2 dilution at T sub =25ºC). At T sub =100ºC, the crystalline fraction decreases from X c =87%
in the intrinsic film to 19% in the 92.5% H 2 dilution n-type film and the grain size decreases from d X-ray ~40 nm to d X-ray ~10 nm.
The dopant concentrations found in n-type samples ( 
B. The control of defect density with H 2 dilution
Hydrogen plays an essential role in the equilibration of the amorphous silicon structure as it breaks weak bonds and passivates dangling bonds 28 . For substrate temperatures lower than ~150ºC, it is known that the structure of RF-PECVD films grown from silane is kinetically limited 29 due to the reduced hydrogen diffusion at the surface and in the bulk, thus resulting in a much more defective material. Hydrogen dilution (50-60%) of silane allowed the deposition by HW of intrinsic a-Si:H films at substrate temperatures of 100ºC and 25ºC with improved structural and electronic
properties when compared to samples deposited without hydrogen dilution. 19 In the case of doping, the results of the previous sections showed that the most conductive ptype and n-type a-Si:H samples were also obtained with H 2 dilution of the reactant gases. Figure 4 shows  d of doped a-Si:H films plotted as a function of the defect density, measured by CPM, of intrinsic films deposited using the same experimental conditions. The figure suggests that there is a correlation between the doping efficiency and the conditions of deposition which yield intrinsic films with low number of subgap defects. This correlation is stronger in the case of n-type films than in the case of p-type ones. assuming similar values of dangling bonds in the doped films, doping should be less efficient at these low-T sub because nearly all the dopants would be compensated by deep defects. The carriers that contribute to the conduction, n bt , are only those which are not trapped in deep defects -a very small fraction of the number of active dopants -and so a small change in N D can cause an important relative change in n bt . The beneficial role of atomic hydrogen in H 2 -assisted deposition is most likely related to the passivation of dangling bonds, paralleling the case for intrinsic a-Si:H films, rather than to the activation of the donor or acceptor atoms. In fact, as will be discussed in next section, the reactivity of hydrogen with phosphorous and, especially, with boron in the doped films leads to the passivation of donors and acceptors, respectively. This is consistent with the explanation that the deposition temperature was already near or higher than the equilibration temperature of the phosphorous doped a-Si:H structure which is thought to be 110ºC for standard RF-PECVD deposition. 29 The 5 ). This behavior can be explained by the formation, in these hydrogen-rich low-T sub a-Si:H films, of boron-hydrogen complexes, which are stable until temperatures above 100ºC. 31, 32 The hydrogen content measured by infrared spectroscopy in intrinsic films deposited by HW using the same H 2 dilution and similar deposition conditions used for doping was 15 atom% for T sub = 25ºC, 100ºC and 175ºC and 7.5 atom% for T sub =220ºC. 19 These complexes are formed between hydrogen atoms that are bonded to silicon and B-atoms that are in the 3-fold non-doping configuration and in this way become stabilized in that configuration at the substrate temperature. As the annealing temperature increases, these weak B-H bonds are broken when the hydrogen mobility increases in the silicon network.
C. Dopant activation in a-
Consequently, a growing quantity of B-atoms becomes free to adopt a 4-fold configuration and the doping efficiency increases. The phosphorous-hydrogen complexes that form in n-type a-Si:H are much less stable than the B-H ones and are fully dissociated above 60ºC (ref. 33 ). In agreement with this observation, the n-type a-Si:H film deposited at T sub =100ºC showed only a slight increase in  d , from 3.6×10 -4  -1 cm -1 to 9.6×10 -4  -1 cm -1 upon annealing. The film deposited at T sub =25ºC
showed a larger increase in
The film deposited at T sub =25ºC using high hydrogen dilution (92.5%) which was not doped and was Raman amorphous in the as-deposited state gradually increased its
In order to assess the relative contribution of both processes -dopant activation and defect annealing -intrinsic films deposited using the same T sub and H 2 dilution and otherwise similar deposition conditions to those used in the doped films, were 
of intrinsic a-Si:H films deposited by HW at the annealing temperature, T sub 200ºC.
It is possible to conclude that dopant activation is the dominant mechanism explaining the large increase in  d of the p-type films upon annealing. In the case of the much smaller improvement observed in the  d of n-type films deposited at 25ºC both processes -dopant activation and defect annealing -could have comparable importance.
D. Crystallinity of low-T sub doped films
The addition of dopant gases to the reactive gas mixture had a detrimental effect on the crystallization of films deposited under high H 2 dilution at low T sub . This effect is reflected in the following observations: the crystalline fraction in doped films was always smaller than that obtained for intrinsic films prepared at the same T sub using the same hydrogen dilution (fig. 2) ; the crystallite size was reduced with respect to the intrinsic films (fig. 3) ; and the ac transition in n-type films required higher values of H 2 dilution than for intrinsic material ( fig. 1 ). Dopant incorporation possibly causes high levels of distortion in the small host crystallites thus reducing the tendency towards crystallization. This effect was more pronounced in doping with PH 3 where films deposited at room temperature were amorphous to the Raman, even at very high H 2 dilutions (92.5%). B 2 H 6 had no observable effect on the H 2 dilution value necessary for the ac transition in films deposited by HW but the crystalline fraction in boron-doped c-Si:H films was smaller than in intrinsic microcrystalline films by HW ( fig. 2 ).
E. The effect of the plastic substrate on crystallization
 d and E a of doped films deposited on glass and on PET are, within the error of the measurements, identical (see table I ). This indicates that the mechanism of nucleation and growth of doped amorphous and microcrystalline films on glass and on PET are similar.
In microcrystalline films, a higher crystalline fraction is generally observed for films deposited on PET than for films deposited on glass using the same T sub and H 2 dilution (see Table I ), although the film conductivity in both substrates is similar. This could be attributed to the lower level of intrinsic stress present in the films due to the higher compliance of the plastic substrate when compared to glass. A relaxation of the film structure, due to energy transfer through the film-substrate interface as elastic or plastic deformation, at the onset of crystalline growth, could benefit the growth of c-film on plastic more than on glass, where this effect is minute.
V. CONCLUSIONS
The electronic, optical and structural properties of gas phase doped amorphous and microcrystalline silicon thin films deposited at substrate temperatures of 25ºC and 100º by hot-wire chemical vapor deposition were studied as functions of hydrogen dilution. Films were deposited on glass and polyethylene terephthalate (PET). and 25ºC (at 90% and 80% H 2 dilution, respectively). P-type a-Si:H doping was achieved with a  d~ 10 -6   cm -1 only at T sub =100ºC (50% H 2 dilution). N-type and ptype doping of µc-Si:H was achieved using HW at 100ºC. At 25ºC, only p-type doping of µc-Si:H was achieved by HW. Doping is more difficult at low substrate temperatures in the amorphous films, because of the formation of hydrogen-boron complexes and of the higher defect density, and, in the microcrystalline films, because the addition of dopant gases to the gas mixture during deposition decreases the crystalline fraction of the films. It is concluded that, within the limitations described above, it is possible to prepare adequately doped p-type and n-type contact layers at T sub 100ºC on glass and plastic substrates by HW-CVD. 
